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Abstract 
The movement of water is a widely recognized control on chemical weathering rates. However, the extent to which chemical 
weathering rates are controlled by subsurface structure and heterogeneity remains poorly quantified. As a result, most 
geochemical models of solute fluxes from catchments cannot uniquely predict commonly observed relationships between 
concentrations of reactive solutes and stream discharge. The reactive solute composition of waters in the stream is the flux-
weighted average of the ensemble of flow paths and is thus strongly linked to the transit time distribution, which is in turn a 
complex measure of physical heterogeneity. To quantify the effect of physical heterogeneity on chemical weathering rates and 
fluxes, we present simplified two-dimensional reactive transport simulations of chemical weathering reactions in heterogeneous 
domains and link the extent of reaction progress to the transit time distribution. We show that the importance of heterogeneity, 
measured by dilution of solute relative to homogeneous models, is a function of the Damköhler number (Da). At low flow rates 
or for rapid reaction rates (high Da), physical heterogeneity is less important because solute gradients are minimal.  Similarly, at 
high flow rates or slow reaction rates (low Da), physical heterogeneity has little effect on the solute fluxes or weathering rates. At 
moderate Da, the effect of heterogeneity is most pronounced based on the maximum dilution from the homogenous case. Here, 
the effective reaction rates are also at a minimum relative to homogeneous case because of variable departures from equilibrium 
throughout the domain, resulting in a scale dependence of the effective reaction rates. Most weathering in the critical zone 
probably occurs within the range associated with high to moderate Da, suggesting that transit time distributions will have a 
moderate to substantial influence on the observed chemical fluxes and effective reaction rates.  Despite the inherent challenges, 
coupling measures of water age to reactive geochemical tracers in models and in applied settings presents many new 
opportunities to evaluate the factors that control the water, solute and energy fluxes into and out of catchments. 
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1. Introduction 
The paths that water follows from the time it is deposited on the land surface to the time it enters the channel can 
be conceptualized in many different ways 1-3. Regardless, the flow dynamics of both the unsaturated and saturated 
zones are strongly coupled to short-term high-frequency variations in weather and vegetation, as well as lower-
frequency variations in climate, soil structure, topography and lithology, making it difficult to predict flowpath 
evolution in time and space. The solute composition of waters at any point along these flowpaths is the average of 
the ensemble of mass fluxes, posing perhaps an even more challenging problem. However, the cumulative solute 
generation from weathering reactions along a single flow path is thermodynamically constrained such that the 
concentration of solute will increase until chemical equilibrium is reached. The chemical evolution is primarily 
dictated by the flow rate (q), the composition (X), porosity (f), the available mineral surface area (A), the intrinsic 
dissolution rates of the minerals (k), and the mineral solubility (Ceq), where the latter two variables are also a 
function of temperature (T), and the biological production of organic acids and soil PCO2 4,5.  Numerous studies 
have now supported the progress towards equilibrium as an important control on overall mineral weathering rates6-8. 
However, the importance of transient boundary conditions and the role of subsurface heterogeneity in controlling 
weathering rates have received less attention.  
Are these physical and temporal heterogeneities important controls on solute fluxes? The widespread 
observation that the concentrations of solutes in a single river and between rivers do not change appreciably across 
orders of magnitude variations in discharge9,10 would suggest that perhaps they are. Furthermore, based on the 
concentration-discharge (C-Q) relationships for 59 lithologically and climatically diverse US catchments, this 
“chemostatic” behavior in the major element chemistry of rivers is ubiquitous11. This is surprising as transit time 
distributions are known to vary spatially and temporally12,13.  How can solute composition vary so little when 
discharge varies so much?  
Despite many plausible explanations, including full kinetic control11, partial equilibrium control14,  and mixing 
processes14,15, the mechanisms that control the concentration-discharge relationship remain poorly understood. 
Because a key goal of Critical Zone science is to evaluate the factors that control the water, solute and energy fluxes 
into and out of ecosystems 16, this represents a critical knowledge gap. Understanding the hydrologic and 
geochemical controls on concentration-discharge may enable several additional advancements. Two promising 
metrics for characterizing the behavior of a catchment are the mean transit time (Tf) and the transit time distribution 
(TTD) of water. These metrics, often inferred from the use of various non-reactive tracers, such as δ18O, δD, 3H and 
Cl, are linked to key hydrologic functions, such as catchment storage, water sources and flow pathways and 
subsurface structure3,13,17. The TTD should also relate to solute compositions and fluxes. However, solute transit 
times may differ greatly from fluid transit times depending on the kinetic rates that moderate exchange between the 
solids and fluids, transfer between the micro- and macropores, and the intensity of evapotranspiration. Ultimately, 
field data, along with more complex modeling approaches, can be used to assess the extent to which a spatially 
distributed but not discretized approach has any utility in complex catchments.   
We present a reactive transport modeling study of the effect of physical heterogeneity on weathering-derived 
solute concentrations and effective reaction rates as a means to assess the coupling between TTDs and chemical 
weathering fluxes.  In this way, the hydrologic complexity can be coupled to the geochemical and isotopic 
mechanisms (including mineral-dissolution/precipitation and cation exchange). We find that the impact of 
heterogeneity is strongly correlated to the Damköhler number (Da) (i.e., the ratio of Tf to the theoretical time 
required to reach equilibrium) but that in all realizations, Tf is still a reliable predictor of solute concentration.  
2. Model approach 
Because the solute generation from weathering reactions along a single flow path is thermodynamically 
constrained (i.e., the concentration of solute will increase until chemical equilibrium is reached), the transit time of 
water is a critical control on solute fluxes.  We use the multicomponent reactive transport model CrunchFlow2011, 
and the generic granitic weathering profiles (K-feldspar, plagioclase(An20), quartz and halloysite (to represent more 
soluble kaolinite) presented in refs. (14,18) including experimentally determined rate constants and rate laws 
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corrected to 15˚C. Quartz, K-feldspar and plagioclase are modeled using a linear Transition State Theory (TST)-type 
rate law, with precipitation suppressed. Kaolinite is modeling using as a fully reversible TST-type rate law. The 
domain consisted of a 2-dimensional 10 by 10 m grid composed of 0.2 x 0.2 m nodes. The reference case consists of 
a homogenous domain with a permeability of 10-14 m2. Multiple heterogeneous permeability realizations were 
generated with a geometric mean permeability (kg) of between 10-13 to 10-16 m2 and log variance (σ2) of between 1 
and 3 based on the range of measured values for weathered regolith in ref (19). These realizations are subject to an 
exponential spatial covariance function with equal (isotropic) correlation lengths (h) in the x and y directions of 
between 0 and 2 m following the methods of ref. (20). The minerals were evenly distributed resulting in the same 
initial porosity and mineralogic composition in each grid cell. 
The flow field for each realization was calculated in the model by applying a pressure drop across the domain, 
resulting in a wide range of flow rates of between 0.004 and 25 m/yr.  Operator splitting methods (OS3D) are used 
to solve the coupled transport and reactivity to minimize numerical dispersion. We collected data for a total of 12 
different permeability realizations (all of which were unique combinations of kg, σ2 and h) at a variety of flow rates 
resulting in 120 numerical simulations.  Two capture planes at 1 and 10 m were used to evaluate the flow, TTD, 
effective reaction rates and flux-weighted concentrations for comparison to the reference cases.  The TDDs for each 
permeability realization and flow rate were computed by injection of a 1 second pulse of non-reactive tracer, while 
the Tf is computed from the first moment of the tracer breakthrough curve at a given capture plane (i.e., either at 1 m 
or 10 m in the domain); (cf. ref (20)). Each simulation was run to quasi-steady state such that the concentration in 
the fluid was constant at a given node when the model output was analyzed.  
3. Results and discussion 
A representative set of results for a given permeability field and flow rate simulation are shown in Fig. 1. Due to 
the variation in permeability, zones of low flow correspond to higher concentrations while concentrations are more 
dilute in the high velocity zones, as expected. These variations also correspond to spatial variations in fluid 
saturation sate and effective reaction rates (i.e. rates averaged over the domain)21. In some very low permeability 
domains reaction rates for some minerals can approach zero (Fig. 1D) because the fluids have reached equilibrium.  
 
Figure 1. Representative set of model results for one permeability realization and flow rate, with log kg = -14 m
2, log σ2 = 3 and spatial correlation 
of 0.5 m. Average water flux is 6 m/yr, on the high end of the range considered. (A) Initial permeability field; (B) SiO2(aq) concentrations, (C) 
plagioclase (An20) saturation state potted as log (Q/Keq); (D) log of plagioclase dissolution rate in each grid cell. Grey areas indicate regions of the 
domain where the reaction rate is zero because the fluid has reached equilibrium. 
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Figure 2: Summary of results from numerical simulations for SiO2(aq) only at the 1 meter capture plane (A) SiO2(aq) as a function of water 
flux where the bold black line is the homogenous reference case. The individual simulations are shown by markers, and lines connecting the 
individual permeability realizations are provided for guidance. (B) SiO2(aq) as a function of Tf (mean transit time) where lines connect individual 
simulations of a single permeability realization.   (C) Concentrations from heterogeneous simulations are normalized to the homogenous case at 1 
meter, showing that the heterogeneity has the strongest effect at moderate Damköhler numbers (Da). (D) Comparison between water flux and Tf. 
At very long Tf in very heterogeneous domains the tracer is not fully recovered from impermeable zones resulting in a truncation error in the 
transit time distribution and underestimation of Tf. 
 
The heterogeneity in permeability results in dilution of the concentrations of the dissolving solute components, 
as shown in Fig. 2A for SiO2(aq), which is both dissolved from feldspar minerals and incorporated into kaolinite.  
The concentrations generally decrease with increasing water flux and decreasing Tf, depending on the imposed 
permeability field.  Previous studies have assumed various representations of the TDD, from homogenous or plug 
flow to exponential distributions, (e.g., refs. (14,18)). In contrast, in the numerical simulations presented here the 
specific form of the transit time distribution is not assigned, but instead is allowed to emerge from the spatially 
correlated permeability field21,22.  
At both high and low water fluxes, the differences in concentration between heterogeneous and homogenous 
cases are less dramatic because at low flow much of the domain has reached equilibrium while at high flow rates, 
solute concentrations are universally low (Fig. 2C).   These results imply that subsurface heterogeneity will most 
strongly affect observed weathering fluxes at moderate values of Da. A similar result was obtained previously for a 
kinetically controlled sorption reaction22. Based on typical values of runoff and flow path lengths, the majority of 
weathering systems will likely be in the realm of moderate to high Da (depending on the length scales) and thus 
heterogeneity may become more important under more humid climates, or in environments with very short physical 
length scales, such as rapidly eroding upland environments.  
In our model simulations Tf follows a power law relationship with respect to the average water flux although the 
actual transit time distributions are changing as a function of the flow rate and permeability field. At very low water 
fluxes, some tracer is not fully recovered from the impermeable zones resulting in underestimation of Tf due to the 
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truncation error. The relationship between water flux and Tf may be very different in actual catchments and 
assessment of the relationships between Tf  and runoff would be useful for evaluating the chemical fluxes as Tf is a 
better indicator of reaction progress than runoff alone because it accounts for the reactive flow path length.  
Transient simulations, where the realizations were run to quasi-steady state and the pressure gradient changed, 
show the same general behaviour as the discrete simulations presented here. However, more rigorous simulation 
should be conducted to understand the short-term transient response to heterogeneity driven by storm events, and 
how changes in the proportion of saturated to unsaturated flow impact the concentrations. Furthermore we did not 
analyse the full suite of geochemical reactions, including cation exchange and precipitation/dissolution of highly 
reactive amorphous phases23 or any biologically mediated processes24. Such processes also influence the isotopic 
composition of infiltrating fluids20,25.  Future work will address not only these important considerations, but will also 
consider larger and more complex domains, with both vertical infiltration and lateral flow resulting in different 
transit time distributions, and the effects of unsaturated domains.  
3.1 Implications for understanding the scale dependence of reaction rates 
The general behaviour shown in Fig. 2AB requires that the effective reaction rates averaged over the domain at a 
given capture plane are lower compared to the homogenous case. As shown in Fig. 3, the effective reaction rates at a 
given capture plane can be orders of magnitude lower than in the homogenous case, depending on the flow rate. The 
general relationship is similar to the equations developed to explain the scale and time dependence of chemical 
weathering rates in ref. (26). The behaviour shown in Fig. 3 further highlights the need to consider both the fluxes 
and the length scales associated with weathering reactions14. In cases where fluid transit times are sufficient to allow 
for concentrations to increase, if solute fluxes were used to infer reaction rates, as is commonly done in weathering 
studies, the heterogeneity would result in much lower effective rates than inferred from well-mixed laboratory 
studies conducted far-from-equilibrium. Thus, even if the bulk fluid is under saturated with respect to the primary 
minerals, the presence of low permeability zones where fluids are close to or at equilibrium with respect to the 
reacting minerals can still impact the overall rate of solute production. This may play a role in many of the 
discrepancies between lab and field rates commonly observed when solid or solute fluxes are used to compute 
kinetic rates, even when reaction affinity is accounted for. 
 
 
Figure 3. Model calculated effective reaction rates for plagioclase normalized for mineral surface area at individual capture planes of 1 and 
10 meters, shown as a function of (A) water flux and (B) mean transit time.   The heterogeneous realizations always result in lower effective 
reaction rates compared to homogenous case because of variations in reaction affinity across the domain. For the homogenous realization, lines 
are provided to guide interpretation. The prescribed rate constant of 10-13 mol/m2/yr is only reflected by the fluid composition at very high fluxes 
and very short Tf, as indicated by the plateau in reaction rates.   
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3.2 Implications for interpreting concentration-discharge behaviours 
The mechanism we propose here (i.e., an increase in concentration along the flow path until equilibrium is 
approached) is only one of many processes that influence concentration-discharge behavior11,27,28. Given that 
subsurface heterogeneity should result in increasing variability in concentration as a function of discharge as our 
model suggests, even rigorous statistical analysis of concentration-discharge relationships will likely be insufficient 
to evaluate and distinguish different models without more information. A full evaluation of concentration-discharge 
relationships and their implication for catchment biogeochemistry may come from studies that use fully coupled 
models to rigorously assess flow paths, flow rates and unsaturated flow dynamics and their coupling to chemical 
transformations.   However, more information about how the fluids evolve from the atmosphere-soil boundary to the 
stream channel is still needed to evaluate such models as the gradient in a given solute concentration is a critical 
constraint on both the reactions rates and the influence of heterogeneity (e.g., Fig. 3C) 
4. Conclusions 
Based on multiple realizations of a 2-dimensional domain with heterogeneous permeability, we show that 
heterogeneity in permeability dilutes concentrations relative to the homogenous rates because the effective reaction 
rate is reduced when domains of equilibrated fluid are present. However, in general we find that concentrations at 
the capture planes align with more simple models, such as that of ref. (18), where the production of solute is linked 
to Tf assuming an exponential TTD. Collectively our results suggest that weathering fluxes from landscapes are 
controlled by the balance between the mean transit time and the mean effective reaction rates, both of which are 
impacted by heterogeneity. Evaluation of concentration-discharge relationships for small catchments also indicate 
that the solute compositions are a strong function of mean transit time, but the form of the transit time distribution 
cannot be distinguished using only concentration-discharge relationships. 
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